A DNA-containing bacteriophage for Thiobacillus novellus has been isolated from sewage and purified by ammonium sulfate precipitation, differential centrifugation, and cesium chloride equilibrium centrifugation. The buoyant density of this phage in CsCl is 1.51 g/cm3. Electron microscopy studies have revealed a polyhedral head about 60 nm in diameter and a tail surrounded by a number of fine filaments. It has an adsorption rate constant of 1.1 x 10' ml/min, a latent period of 45 min, and an average burst size of 150. The mole guanine and cytosine content in its DNA has been estimated to be 57 to 58%. Five structural proteins with molecular weights of 62,000, 42,500, 30,500, 17,750, and 13,500 have been detected by polyacrylamide gel electrophoresis techniques.
Thiobacillus novellus is a facultative autotroph which is able to grow with carbon dioxide as the sole carbon source, thiosulfate as the energy source, or on an organic medium in the absence of thiosulfate. So far no report on bacteriophages specific for facultative Thiobacillus spp. or obligately autotrophic bacteria has appeared in the literature. Several strains of bacteriophage for Hydrogenomonas facilis, another facultative autotrophic organism, have been isolated and characterized under heterotrophic growth conditions (8, 9) . The present report deals with the isolation of a bacteriophage capable of infecting, T. novellus under both heterotrophic and autotrophic conditions as well as its physicochemical properties and growth characteristics under heterotrophic growth conditions. MATERIALS AND METHODS Bacteria and growth conditions. T. novellus (ATCC 8093), Pseudomonas aeruginosa (ATCC 7700), Pseudomonas fluorescens (ATCC 12633), Escherichia coli B, and E. coli K10 were grown in Trypticase soy broth (TSB; Baltimore Biological Laboratory) in a 28 C water bath shaker. The conditions for growing autotrophic T. novellus were the same as described previously (12) , except that cells were grown at 28 C instead of at room temperature. Growth of bacteria was measured at 30-min intervals in a Klett-Summerson colorimeter equipped with a no. 66 filter. Viable cell counts were determined, after appropriate dilution in prewarmed fresh TSB, by plating 0.1-ml samples on TSB agar plates.
Isolation and preparation of high-titer phage stocks. Raw 16 ,000 x g for 10 min, and the supernatant fluid was stirred at 4 C overnight after addition of chloroform (12 ml per 1 of lysate). Partially purified phage stocks were prepared by alternating high-and low-speed centrifugation as described by Adams (1). Alternatively, partial purification was accomplished by ammonium sulfate precipitation. Sixty-five grams of solid ammonium sulfate per 100 ml of phage lysate was added slowly with stirring. After 60 min of stirring at 4 C, the precipitate (containing about 75 to 80% of the original phage titer) was collected by centrifugation at 16,000 x g for 10 min. The pellet was resuspended and dialyzed against TSB at 4 C.
Purification of phage in CsCl density gradient. Samples of partially purified phage preparations were mixed with a CsCl (Harshaw Chemical Co.) stock solution to give a final density of 1.50 g/cm3 and centrifuged in a SW50.1 rotor at 40,000 rpm for 48 h at 16() THIOBACILLUS NOVELLUS BACTERIOPHAGE 20 C. Fractions were collected dropwise from the bottom of the centrifuge tube, and their densities were measured according to the method of Schildkraut et al. (11) . Each fraction was also measured for its infectivity and absorbance at 260 nm in a Beckman DU spectrophotometer.
Preparation of phage antiserum. The antiserum was prepared by injecting rabbits with a purified phage stock (1011 PFU/ml) according to the methods of Adams (1) .
Adsorption rate and one-step growth experiments. The adsorption rate and one-step growth curve were determined in TSB at 28 C as described by Adams (1) .
Macromolecular syntheses in phage-infected cells. Heterotrophically growing T. novellus was infected at a MOI of 3, and the amount of DNA, RNA, and protein in the infected cells was determined as previously described (14) .
Extraction of phage DNA and determination of its base composition. The phenol method of Mandell and Hershey (6) was used to extract DNA from CsCl-purified phage particles. The base composition was estimated from its buoyant density in CsCl (11), melting temperature (7), and by the temperaturedependent absorption spectra method of Felsenfeld (4) .
Analysis of phage structural proteins. Protein was measured by the method of Lowry et al. (5).
Phage structural proteins were extracted from CsClpurified samples by either the phenol method (for urea gel electrophoresis) (2) or by treatment with 1% sodium dodecyl sulfate (SDS) and 0.5 M urea (for SDS gel electrophoresis) (10) . The methods used for polyacrylamide gel electrophoresis have been described elsewhere (3).
Electron microscopy. Purified phage samples were suspended in 0.1 M ammonium acetate buffer, pH 7.4, and mixed with an equal volume of 1% phosphotungstate, pH 7.4 . A drop of this mixture was placed on a 300-mesh copper grid with a collodion supporting film, allowed to dry, and examined in an AEI 6B electron microscope.
RESULTS
Host specificity and plaque morphology.
Partially purified phage preparations were tested for their ability to form plaques on the following bacterial cells: autotrophic and heterotrophic T. novellus, P. aeruginosa, P. fluorescens, E. coli K10, and E. coli B. It was observed that this phage (HT-1) could replicate only in T. novellus and produce minute (less than 0.1 mm in diameter), clear plaques. A variant strain (HT-2) which formed large, (2 mm in diameter) clear plaques with sharp edges was isolated and used throughout this study. The relative efficiencies of plating of HT-2 were almost identical on heterotrophic and autotrophic cells of T. novellus. Because of technical difficulties in growing autotrophic cells, the rest of this report will deal with phage HT-2 grown under heterotrophic conditions. Kinetics of infection. The adsorption rate constant was determined by the equation K = 2.3/(B)t x log P0/P (1) and was found to be about 1.1 x 10-9 ml/min. Cells infected at a MOI of 0.01 showed no detectable changes in either optical density increment or in colony forming units (CFU) from the uninfected control for about 2 h. After this time both of these parameters decreased at a slow rate. When a high MOI (10 or more) was used, the optical density did not increase, and a rapid drop in CFU was observed immediately after infection. At a MOI of 1, cell density increased at a slower rate than the uninfected control for 2 h before it started to decrease rapidly. The latent period was for about 45 (Fig. 1) . No significant change in the rate of protein synthesis was detected in the phage-infected cells for the first 100 min. When cell lysis began (about 100 to 120 min after infection), the rate of protein synthesis leveled off (Fig. 1) .
Cesium chloride equilibrium centrifugation. An analysis of concentrated HT-2 by CsCl equilibrium centrifugation was carried out, and the results are presented in Fig. 2 . A major peak banding at a density of 1.51 g/cm3 was detected by both UV absorption and infectivity measurements. Some phage particles, presumably attached to cell debris, remained at the top of the gradient. Rebanding of the material from the major peak or from the top fractions gave only a single band at a density of 1.51 g/cm3.
Morphology of HT-2. Phage HT-2 has a polyhedral head about 60 nm in diameter and a tail 85 by 8 nm (Fig. 3) . A narrow neck region a (ca. 4 nm in diameter) and a number of crossstriations on the tail can be seen in Fig. 3a and   3b . The lower half of the tail is usually surrounded by many fine filaments (Fig. 3a and  3c) , which apparently are different from the projecting tail fibers, (Fig. 3b and 3c) . Occasionally a reversed tail plate-like structure is observed about 25 nm from the tail plate (Fig.  3b) . The physical nature and the biological function of this apparatus has not yet been investigated.
Characterization of HT-2 nucleic acid. The nucleic acid extracted from the purified phage particles was identified as DNA by a positive diphenylamine reaction, a negative orcinol test, and by its susceptibility to DNase but not to RNase. The buoyant density and the melting temperature of HT-2 DNA were found to be 1.7170 g/cm3 and 92.5 C, respectively, indicating a G + C content of 57 to 58% (7, 11) . The base composition of HT-2 DNA was also estimated by the temperature-dependent absorption spectra method of Felsenfeld (4), and the G + C content was found to be 57.6%.
Structural proteins of HT-2. Proteins were extracted from CsCl gradient purified phage particles and fractionated on 7.5% polyacrylamide gels either at pH 8.7 or 4.5. Five distinct bands (U1, U2, U3, U4, and U6), and a faint minor band (U5), were observed in pH 8.7 gels (Fig. 4) . No bands could be detected on pH 4.5 gels. The migration of all of these bands, with the exception of U2, was very reproducible, and none of these bands could be eliminated by reducing protein concentrations. On the other hand, band U2 showed a variable migration in different preparations and was absent when low concentrations of proteins were used. Furthermore, treatment with SDS reduced the band number from 6 to 5 (see below). These results strongly suggest that band U2 represents an aggregate rather than a discrete structural pro- At present only five structural proteins, with a sum of molecular weights of 166,000, have been detected in HT-2. The complexity of HT-2 structure observed by electron microscopy suggests a fairly large number of protein components in this phage. Radioactive isotope labeling experiments are currently being carried out in our laboratory in order to further delineate the phage-specific (structural and nonstructural) proteins.
Structural differences in the outermost layer of the envelopes have been observed in heterotrophic and autotrophic T. novellus (12) . Because phage HT-2 is able to infect both forms of T. novellus at a very similar efficiency, a reservation of common adsorption sites on this layer is suggested. The kinetics of infection under autotrophic growth conditions and the ability of HT-2 to infect other Thiobacillus spp. are also being investigated.
